ABSTRACT Background: Genetic variation in SIRT1 has been associated with body mass index (BMI) and risk of obesity. SIRT1 may be influenced by diet. Objective: We studied the gene-diet interaction on BMI at the SIRT1 locus. Design: In 4575 elderly men and women in the population-based Rotterdam Study, the effect on BMI of 3 SIRT1 genetic variants (rs7895833, rs1467568, and haplotype 1) was studied in relation to dietary intakes of energy, fat, calcium, milk, antioxidant vitamins, and niacin. Results: There was no difference in energy or fat intakes by SIRT1 genotype. Significant interactions for BMI were shown between SIRT1 genetic variants and intakes of fat, vitamin E, calcium, and milk. Only the interactions between vitamin E intake and rs1467568 and haplotype 1 remained significant (P , 0.001) after Bonferroni correction for multiple testing. Further analyses across vitamin E-intake tertiles showed highly significant associations of SIRT1 genetic variants with BMI in the lowest tertile [effect sizes (in kg/ m 2 ): 0.5-0.7 per allele copy; P = 1.9 · 10
INTRODUCTION
Obesity has become a global epidemic and represents an important risk factor for many diseases such as type 2 diabetes mellitus, hypertension, cardiovascular disease, stroke, some types of cancer, and disability. The growing prevalence of obesity is most likely driven by increasing caloric intake and decreasing energy expenditure by physical activity, but individual susceptibility varies widely and is strongly influenced by genetic factors. Twin, adoption, and family studies (1) (2) (3) showed that between 40% and 80% of interindividual variation of body mass index (BMI) is heritable. Although many genetic association studies in obesity traits have been published, only a few have been consistently replicated (4, 5) . Early genome-wide association studies (GWASs) (6, 7) identified FTO and MC4R as genes related to BMI. Several new loci were identified in 3 recent obesity-related GWASs (8) (9) (10) . Collectively, these variants explain only a small proportion of the genetic influence of obesity (8) (9) (10) . It is possible that interactions between genes and between genes and environmental factors such as diet and physical activity explain part of the so far unexplained genetic variance of complex traits such as BMI. We (11) and other authors (12) recently observed that genetic variation in the sirtuin 1 (SIRT1) gene is associated with BMI and a risk of obesity. SIRT1 belongs to the sirtuin protein family of nicotinamide adenine dinucleotide (NAD + )-dependent histone deacetyleases. In lower organisms such as yeast, flies, and worms, the silent information regulator (Sir)2 protein is related to longevity (13, 14) and to an extension of life span after caloric restriction (15) (16) (17) . The closest Sir2 human homolog, SIRT1, controls numerous physiologic processes, protects cells against stress, such as oxidative stress (18) (19) (20) , and has an important function in endocrine signaling, specifically in glucose and fat metabolism (21) (22) (23) (24) . The NAD + dependence of SIRT1 links its activity to the metabolic state of an organism. Thus, we hypothesized that dietary factors that regulate SIRT1 could modify the association of SIRT1 genetic variants with BMI. Fasting leads to upregulation of SIRT1 in the adipose tissue of mice, pigs, and humans (25) (26) (27) , and the SIRT1 stimulator resveratrol protects mice against a high-fat diet (28, 29) . NAD + is synthesized from the precursors nicotinic acid and nicotinamide, collectively known as niacin or vitamin B-3, whereas a small part of cellular niacin is formed de novo from the amino acid tryptophan (30) . Recently, a newly discovered NAD + precursor in milk called nicotinamide riboside was shown to stimulate SIRT1 activity (31, 32) . Thus, the intake of precursors of NAD + may influence SIRT1 activity. Moreover, because SIRT1 protects cells under conditions of oxidative stress and is regulated, itself, by oxidative stress (33), we hypothesized that SIRT1 function is influenced by dietary intake of antioxidants. On the basis of these potential influences of dietary factors on SIRT1, we investigated in the large cohort of elderly subjects of the Rotterdam Study whether the interaction between the SIRT1 genetic variation and diet influences BMI. Specifically, we studied a relation with dietary intakes of energy, fat, calcium, milk, antioxidant vitamins (b-carotene and vitamins C and E), and niacin.
SUBJECTS AND METHODS

The Rotterdam Study
The Rotterdam Study is a prospective, population-based cohort study in 7983 persons aged 55 y from a district of Rotterdam, Netherlands. The study was designed to investigate the incidence and determinants of chronic disabling diseases. The rationale and design of the study were described previously (34) (35) (36) . Informed consent was obtained from each participant, and the Medical Ethics Committee of the Erasmus Medical Center (Rotterdam, Netherlands) approved the study. At baseline (1990) (1991) (1992) (1993) , all participants were interviewed and subsequently underwent an extensive physical examination. Three follow-up examinations following the same protocol took place in 1993-1994, 1997-1999, and 2002-2004 .
Assessment of dietary variables
Dietary intake was assessed at baseline through an interview by a trained dietitian by using an extensive, validated, semiquantitative food-frequency questionnaire (SFFQ) (37, 38) . Before the baseline center visits, the participants received a checklist on which they indicated all foods and drinks that they consumed more than once a month during the preceding year. The completed checklist formed the basis of an interview at the study center by a trained dietitian. The SFFQ contained 170 food items in 13 food groups and questions about dietary habits, supplementation, and prescribed diets. It is a version of a previously validated SFFQ adapted for use in the elderly (37) . Although weighed food records are generally considered a better method for assessing dietary intake in free-living populations, they are impractical for use in large epidemiologic studies, and the current method was validated, especially for its ability to rank subjects according to their dietary intake (37) . Baseline dietary interviews were performed in all subjects (n = 6250), except in those participating in the pilot phase of the Rotterdam Study. Subjects with a possible diagnosis of dementia (n = 122) were not interviewed because of expected difficulties in dietary recall. For a random group of 482 subjects, no dietary data could be obtained because of logistic reasons. On the basis of the judgment of the dietitian, 212 unreliable dietary reports were excluded. Thus, dietary data were available for 5434 subjects, of whom 4575 had DNA availability.
The amounts of food and drink intake indicated on the SFFQ were converted to energy and nutrient intakes by means of the computerized Dutch Food Composition Table (39) . For the current study, we used data on dietary intakes of energy (in kcal/d), macronutrients (fat, protein and carbohydrates in g/d), calcium, milk, vitamins b-carotene (vitamin A), C, and E, and niacin (vitamin B-3) (in mg/d). Dietary intake was adjusted for energy intake and, when relevant, for age. The residual method was used to obtain sex-specific energy-adjusted tertiles (40) .
Measurements
Height (cm) and weight (kg) were measured in a standing position wearing indoor clothes without shoes. BMI was computed as weight in kilograms divided by height in meters squared.
Genotyping
Three tagging single nucleotide polymorphisms (SNPs), rs7895833, rs1467568, and rs497849, were selected from the HapMap database (http://www.hapmap.org) as described previously (41) . Together with constructed haplotypes, they covered 100% of the common (minor allele frequency .10%) variation of the SIRT1 gene in whites. Genotyping of the SIRT1 SNPs was performed by Taqman allelic discrimination assays (Applied Biosystems, Foster City, CA), as described previously (41) . For the current study, data were analyzed for the 2 SNPs (rs7895833 and rs1467568) and the most common haplotype, haplotype 1, which were associated previously with BMI and the risk of obesity (11) .
Statistical analyses
The Hardy-Weinberg equilibrium of the 2 SIRT1 SNPs was tested with the GENEPOP package (version 1.2) (42). Subjects were grouped by genotype for individual SNP alleles, and by number of copies of the haplotype 1 allele. The multimarker haplotypes were inferred from the 3 SNPs with the Phase program (43) . The schematic representation of the SIRT1 locus with the localization of the 3 tagging SNPs, a linkage disequilibrium plot of the SNPs (D# and r 2 ), haplotype construction, and observed frequencies of the haplotypes are shown in Figure 1 . As described previously (11) , allele and genotype distributions of the 3 tagging SNPs of SIRT1 follow Hardy-Weinberg equilibrium proportions (P . 0.10). Call rates were .98%, and concordance rates after regenotyping 5% of the samples were .99%. The linkage disequilibrium between the SNPs was high (D# . 0.8). which enabled us to infer multimarker haplotypes in the Rotterdam Study with high confidence. The haplotype frequencies of the 4 most common haplotypes were 40.9%, 22.1%, 20.0%, and 16.7%. For our analyses we used haplotype 1 because this haplotype offered additional genotypic information over the 3 SNPs and was associated with BMI in our previous study (11) . Subjects with no copies of haplotype 1 were considered noncarriers, with one copy heterozygous and 2 copies homozygous carriers, respectively. We tested for a statistical interaction between SIRT1 variants and nutrient intake by adding multiplicative interaction terms with dietary intakes as continuous traits adjusted for energy intake to the statistical model. The statistical analyses were performed with SPSS software, version 15.0 (SPSS, Chicago, IL). P , 0.05 was considered statistically significant, whereas we used Bonferroni correction for multiple testing of 8 independent dietary variables and 3 genetic variants (significant P values , 0.002). When the interaction term was significant, we explored the relation further by investigating the association between the genetic variants and BMI in sex-specific tertiles of energy-adjusted intake. All analyses were adjusted for age and sex. Power calculations were performed for significant gene-environment interactions with QUANTO version 1.2.4 (44) for a sample size of 4575 individuals assuming a quantitative trait, an a = 0.002, and an (haplotype) allele frequency of 0.41 under an additive mode of inheritance.
RESULTS
General characteristics
Baseline characteristics of the study population, dietary intakes of energy, fat, and micronutrients, and the use of vitamin supplements are shown in Table 1 .
Effect of intake of vitamin supplements on the association of SIRT1 variants with BMI
The relation between the 2 SIRT1 SNPs rs7895833 and rs1467568 and haplotype 1 and BMI is shown in Table 2 . For the current sample of 4575 subjects with complete dietary and genotype information, the association between SIRT1 genetic variation and BMI was significant only for haplotype 1 (P = 0.03), with carriers having higher BMI. For rs7895833 and rs1467568, the relations were not significant in this smaller sample of the original study, but the direction and magnitude of the effect were similar. Effect sizes were larger, and P values were lower, for all 3 SIRT1 variants when the analysis was limited to nonusers of vitamin supplements. Among the users of supplements of vitamins analyzed in the current study (n = 775), there was no association between SIRT1 variants and BMI.
Intakes of energy and macronutrients by SIRT1 variants
Mean intakes of energy and macronutrients by SIRT1 genotype were determined (see supplemental Table 1 under "Supplemental data" in the online issue). There were no significant differences in dietary intakes of energy, fat, proteins, and carbohydrates by SIRT1 genotype. Also, when intakes of macronutrients were adjusted for energy intake (and when energy intake was adjusted for body weight), there were no significant differences in intake between SIRT1 variants. 
Correlations between dietary components
Spearman correlation coefficients were calculated between the different dietary components under investigation (see supplemental Table 2 under "Supplemental data" in the online issue).
Effect of dietary intake on the relation between SIRT1 variants and BMI
P values for the interaction terms of the dietary intakes and SIRT1 genotypes are shown in Table 3 . Significant interactions (P , 0.05) were observed for intakes of fat (with rs1467568), vitamin E (with all 3 SIRT1 genetic variants), and calcium and milk (with rs1467568 and haplotype 1). After Bonferroni correction for multiple testing, only the interactions between vitamin E intake and rs1467568 and haplotype 1 remained significant (P , 0.001).
When we further explored the interaction with vitamin E intake in sex-specific tertiles of energy-adjusted vitamin E intake (Tables 4 and 5), we observed highly significant associations in the first (lowest) tertile only, with an effect size of 0.5 decreased BMI per allele copy of rs1467568 (P = 1.9 · 10 24 ) and of 0.7 increased BMI per allele copy of haplotype 1 (P = 5.7 · 10 27 ). In this lowest tertile of vitamin E intake, BMI was 26.8, 26.2, and 25.9 for GG, AG, and AA genotypes of rs146756826, respectively, and 26.1, 26.2, and 27.7 for noncarriers, heterozygous, and homozygous carriers of haplotype 1, respectively. In the higher tertiles of vitamin E intake, BMI was similar across genotype groups. After excluding users of vitamin E-containing supplements, there were slight increases in effect size and decreases in P values for trend in the lowest tertile (data not shown).
The variation of BMI explained by age and sex (R 2 ) was 1.9%, the variation of BMI explained by age, sex, and SIRT1 genotype (rs1467568 and haplotype 1) was 2.0%, and the variation of BMI explained by age, sex, genotype, vitamin E intake, and interaction term was 2.2%.
The power to identify a significant gene-environment interaction influencing BMI under an additive model (with n = 4575, at a = 0.002; haplotype allele frequency = 0.41) was 65.2% for a 2-df test with b = 20.039 (R 2 = 0.2%).
DISCUSSION
SIRT1 is a plausible candidate gene for obesity on the basis of numerous functions in metabolism. We recently observed an association between 2 SIRT1 SNPs and the most common haplotype 1 with BMI in 2 independent Dutch populations. 11 In the current study we investigated a potential gene-diet interaction on the basis of known regulators of SIRT1. We showed significant interactions between the 3 SIRT1 genetic variants and intakes of fat, vitamin E, calcium, and milk. After Bonferroni correction for multiple testing, which may be too stringent because the dietary traits are not totally independent, only the interaction with vitamin E remained significant. In tertiles of energy-adjusted vitamin E intake, highly significant associations were shown between the variants rs1467568 and haplotype 1 and BMI, whereas no associations were shown in the higher tertiles.
We observed that, in general, the strength of the relation between SIRT1 genetic variants and BMI increased after excluding subjects who reported the use of supplements with the vitamins under investigation. In users of supplements there was not even a trend for a similar effect on BMI for the genetic variants. These results provide support that our finding of an association in the lowest tertile of vitamin E intake is genuine.
To our knowledge, except for one study (45) in which vitamin E prevented a decrease in SIRT1 expression in the hippocampus and cerebral cortex in rodents caused by a high fat diet, no studies have investigated an interaction between vitamin E and SIRT1. The interaction between SIRT1 and vitamin E that we showed needs further study. The interaction could have been due to the antioxidant function of vitamin E, although there is debate about its antioxidant effects in vivo (46) . It is also important to consider the recent discovery of vitamin E as a regulator of enzymes and gene activity (46) as an explanation for the interaction of vitamin E with SIRT1. Vitamin E is abundant in foods such as nuts, seeds, vegetable oils, and green leafy vegetables. Thus, a high intake of vitamin E may represent a healthy diet or an otherwise healthy lifestyle. Therefore, we cannot exclude that associated dietary or lifestyle factors may underlie the interaction with vitamin E intake.
It is not clear how SIRT1 influences BMI, but potential mechanisms include a repressive effect on PPARc, central effects through satiety, increased energy expenditure, or effects by modification of Clock genes. Our finding that energy intake did not differ between genotypes makes it unlikely that appetite plays a role in the association between SIRT1 and BMI. However, we cannot exclude that small differences in caloric intake can be shown in large-scale studies. Our results do not agree with findings of decreased food intake in transgenic mice with moderate overexpression of SIRT1 (47) .
Limitations of our study are the possibility of a misclassification of nutrient intake, which is inherent in food-frequency questionnaires, the lack of data on functionality of the SIRT1 SNPs, and the lack of replication in other independent cohorts. In general, sample sizes needed to detect a gene-environment interaction are several folds higher than required for detecting main genetic effects, and the power to detect these interactions depends on samples size, allele frequency, the magnitude of the interaction, and the accuracy of determination of the environmental effect (48, 49) . Although the sample size was large, our study was underpowered to identify interactions with effects explaining ,0.3% of the variance and, thus, may have resulted in false negative findings. In contract, the possibility of false positive findings is less likely considering that our study was based on an a priori hypothesis, used strict correction for multiple testing, and had a reasonable power (b error = 0.65) to identify the observed effect (R 2 = 0.002). However, to confirm our findings and to further explore gene-diet interactions at the SIRT1 locus, studies are necessary in large cohorts with several tens of thousands of individuals with harmonized assessments of dietary intake.
The results of this study, although preliminary, are important because they highlight that a gene-diet interaction may influence BMI and the risk of obesity. Gene-environment interactions may explain part of the so-called dark matter in heritability in which the variation in genes explains only a few percent of the heritability of traits and diseases (50) . A recent study (51) showed that effect sizes of the risk alleles of 12 genetic loci that were robustly associated with BMI in recent GWASs (6-9) were small (ranging between 0.058 and 0.329) and, together, explained only 0.9% of BMI variation. The variation in BMI explained in our study by the interaction between vitamin E intake and SIRT1 genetic variants was also small (0.2%) although twice as large as the variation explained by the SIRT1 genetic variants. This effect may have been inflated by the so-called winner's curse. Interactions may also underlie heterogeneity in large-scale meta-analyses of GWASs if dietary habits differ between study populations. It is important to uncover such interactions in the growing epidemic of obesity because even small interactions may be biologically relevant and have potential public health significance.
We conclude that associations between SIRT1 genetic variants and BMI are not explained by differences in caloric intake. Dietary intake of vitamin E may modify the associations of SIRT1 variants with BMI. These data further support evidence that gene-diet interactions influence complex traits such as BMI. Replication of our findings and further study of specific dietary factors that can modify SIRT1 can pave the way for prospective studies in dietary modification of SIRT1 to influence obesity.
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